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Uncertainty of hyperon couplings and the electrochemical potential in neutron star matter
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Uncertainty of the hyperon couplings, in particular, that of¥he in dense matter raises the question of the
behavior of the electrochemical potential in neutron star matter, which is crucial to the possible presence of the
kaon condensed phase. We show that regardless of this uncertainty, iiperon, whose coupling can be
constrained by its binding in nuclear matter and other observations, by itself, or also aided By the
introduces a saturation of the electrochemical potential just a& thevould otherwise do, which tends to
mitigate against kaon condensation. The maximum possible mass of neutron stars appears to be
~(1.5-1.7M independent of the uncertainties, the limit being imposed by any one of hyperonization,
deconfinement, or kaon condensation. Interestingly, such a limit is barely higher than the Chandrasekhar limit
on the iron core mass of presupernova stars. This leaves a very small mass window for the existence of neutron
stars, for the occurrence of supernovas, and therefore for a universe containing heavy elements and at least one
planet with life.
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I. INTRODUCTION tion of leptons.(Lepton number is not conserved because of
neutrino loss from the starThe foregoing conclusions of
Hyperons, the strange members of the baryon octet, argef. [4] have been confirmed in subsequent wik-9].

likely to exist in high density matter and, in particular, in its ~ That hyperons can contribute to the saturation of the elec-
charge neutral form, often referred to as neutron star matteffon chemical potential and may preempt thereby the con-
The Pauli principle practically assures that their presencéensation of kaons depends, at first sight, onXhesince it
will lower the Fermi energy of baryon species and hence thés the lowest mass baryon of negative charge and can replace
total energy at given baryon density. However, aside fromg neutron and electron. Extrapolated atomic data suggest that
this general argument, the coupling constants of hyperoni may feel repulsion at high density, which would mitigate
also influence the extent of their participation. Thehy-  against its appearance in dense matter, although this remains
peron is a partial exception to this uncertaifity. Its cou-  inconclusive[10]. Indeed, it has been suggested that the ab-
plings can be at least constrained by the experimentally exsence of thex ™~ would mitigate the negative effect that hy-
trapolated value of its binding in nuclear matfél, by the  perons have on kaon condensatjdda—13.

results of an analysis of hypernuclear levigg$ and by the However, we show in this paper that even if the is
requirement that theory account for neutron stars of mass detally absent from dense neutral matter, thehyperon, by
great as 1.8l5. itself or aided by théZ ~, also causes the electron chemical

The important neutron star properties that hyperons effeqeotential to saturate and then decrease with increasing den-
are the limiting neutron star mass and the possibility of kaorsity. The A is known to experience an attractive potential in
condensation. As compared to models populated only byormal nuclear mattel2] as does thé ™ [14-16. The A
nucleons and leptons, hyperons reduce the maximum masan replace neutrons at the top of their Fermi sea with a
by as much as 3M, [1]. The reason their presence strongly reduction in the high value of the three-component of the
effects the possibility of kaon condensation is as follg#ls  isospin of neutron star matter, thus reducing the asymmetry
The effective mass of kaons in nuclear matter is reduceénergy and with no increase in electron and proton popula-
from its vacuum mass by an attractive interaction with thetion with increase of density4]. TheE~ can replace a neu-
nuclear mediunf5]. If the K~ effective mass sinks to a value tron and electron and also enhance the proton population at
of the electron chemical potential as the density of mattethe expense of the neutron, just as the, and has a low
increases, th& ~ can thereafter replace the electron as thedensity threshold in the absence of the. The net effect is
charge neutralizing agent in neutron star matter. The kaonat hyperons disfavor kaon condensation by terminating the
can all condense in the zero momentum state, whereas elegrowth of the electron population and electrochemical poten-
trons have to occupy ever higher momentum states with intial with increasing density, even if the™ interaction were
creasing densityHowever hyperons may saturate the elec- so strongly repulsive that it is absent from neutron star mat-
tron chemical potential at a relatively low density, eitherter in the density range relevant to those stars.
postponing the appearance of a kaon condensate to a high
density or preempting it altogether. The reason that hyperons Il THEORY
can do this is because they carry conserved baryon charge '
and they occur in all three charge state$ and 0. Therefore We describe nuclear matter by the mean field solution of
it may happen that charge neutrality can be achieved moshe covariant Lagrangiam,17—22 which is a generalization
energetically favorably among baryons with little participa- of the model introduced first by Johnson and Te[23], by
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Duerr[24], and later by Waleck25]:
9=2 (235+1)qekd/(67%)~ 2 kY/(37%)=0, (5)
B N

L£=2 ¢g|iy,0"—Mg+g,e0— ” , , .
; wB( Yu 87 9087 GuB ¥, where the first sum is over the baryons whose Fermi mo-

menta are&kg and the second sum is over the leptonsaad
Ut 1((9 Tt o—m2a?) — lw Lk u . By ;imultaneously solving t.he meson field e_q_uations,
2 7 " the condition for charge neutrality, and the conditions for
chemical equilibrium(3), (4), we get the solution for the
L1 1 m . ip‘“’ P+ %mim'l”‘_ Ebmn(gga)3 three mean fields, the two chemical potentials, the two lepton

1
- Eng’Y,uT' p,u

2 Fermi momenta, and the baryon Fermi momentéwhereN
1 is the number of baryon charge states populatg#dbeta-
- ZC(QUU)4+ > Y, 0" —my) iy . (1)  stable charge-neutral matter called neutron star matter at the
e u chosen baryon density in the hadronic phase,

The advantage of the model as compared with other models
of nuclear matter is that it can be made to agree with five
nuclear properties aaturationdensity, the highest density
for which we have any empirical knowledge, and it extrapo-The equation of state can be calculated at each baryon den-
lates causally to all densities. The baryon species, denoted sty for which the solution for the N variables enumer-

B, are coupled to the scalar, vector, and vector-isovector meated above has been found. It is

sonso, w, and p. The masses are denoted bywith an L2 5 12 2 1202

appropriate subscript. The sum @&nis over all the charge €=3M,0"+ M, w5+ M po3

states of the lowest baryon octep,0,A,>",5 ", 30 5~

ng (2Jg+1)K3/(672). (6)

29 as well as theA quartet and the triply strange baryon ZJB+1J' \/ﬁkzdk

Q~. However, the latter two are not populated up to the B

highest density in neutron stars, nor are any other baryon

states save those of the lowest octet for reasons given else- 1 (% 5—,

where[4]. The cubic and quartio terms were first intro- +2 _f vk +mikedk @)

duced by Boguta and Bodmer so as to bring two additional

nuclear matter properties under contf@B]. The last term  which is the energy density, while the pressure is given by
represents the free lepton Lagrangians. How the theory can

be solved in the mean field approximation for the ground p=—%m§02+%mf)wg+%m§p§3
state of charge neutral matter in general beta equilibrium e
(neutron star matteiis described fully in Refd.4,17]. < B+ j 4 =~y
The mean values of the nonvanishing meson fields are 2 0 K* i/ yk*+mg
denoted byo,wg,pg3, In wWhich case the baryon effective
masses are given hys=mg—g,go and the baryon eigen- 1 1 (k, —
values by +3 2;, ;fo k*dk/ k2 +m. ®
es(K) = 0,00+ gpepodl sa+ VK + Mg, (20 These are the diagonal components of the stress-energy ten-
sor

In the above equationd,zg is the isospin projection of
baryon charge stat®. o N

The Fermi momenta for the baryons are the positive real 7=-g" £+§ 3, p) ¢ ©)
solutions of

Five of the constants of the theory can be algebraically de-
eg(kg) = ug=bgu,—dpite: (3)  termined by the properties of nuclear matt&7]. The con-
stants are the nucleon couplings to the scalar, vector, and
wherebg andqg are the baryon and electric charge numbersvector-isovector mesong,/m,, g,/m,, andg,/m, and
of the baryon stat8, andu,, andu. are independent chemi- the scalar self-interactions defined byand c. The nuclear
cal potentials for unit baryon number and unit negative elecproperties that define their values used here are the binding
tric charge numbefneutron and electron, respectivelfhe  energyB/A=—16.3 MeV, baryon densitp=0.153 fm 3
lepton Fermi momenta are the positive real solutions of  symmetry energy coefficierts, = 32.5 MeV, compression
modulusK=240 MeV, and nucleon effective mags‘/m

Ke+me=pe,  VKo+AME=1,= pe. (4  =0.78. How these choices are related to empirical data is
discussed in Chap. 4, Sec. 5, of Rgf7].
These equation&) and(4) ensure chemical equilibrium. Nuclear matter at normal density does not depend on the
Charge neutrality is expressed as identically vanishinghyperon couplings. Elsewhere we have shown how they can
charge density be made consistent witfl) the data on hypernuclear levels,
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FIG. 1. Electrochemical potential in neutron star matter as a Baryon density (fm'3)

function of density. Three cases are compar@gl:only nucleons

and leptons are presefdashed ling (2) nucleons, hyperons, and FIG. 2. Particle populations in neutron star matter containing
leptons are presefisolid line), (3) nucleons, leptons, and hyperons nucleons, hyperons, and leptons.

except theX, ™ are presentdash-dot ling

density from a maximum value of about 200 MeV, which is
far below the vacuum mass of the~ of 494 MeV. This
: renders kaon condensation problematic, and further progress
pernuclear levels to large atomic numbgr, and(3) Neutron o this guestion will require very accurate evaluation of the
star massegl]. We shall assume that all hyperpns in the behavior of theK™ mass as a function of density, as well as
octet have the same coupling as the Th? couplings are continuing experimental work on hyperon interactions.
expressed as a ratio to the above-mentioned nucleon cou- s interesting to see how the hyperon populations adjust
plings, to the possible absence of tie . This can be viewed by
_ _ _ comparing Figs. 2 and 3. The second of these two figures is

Xo=OHo/Gs:  Xo=0nolGur  Xy=0ny/0,. (10 the one in which th& ~ is absent. We see that to compensate
The first two are related to th& binding by a relation de- the absence of th& ™, the A threshold has been reduced
rived in[1] and the third can be taken equal to the second bypomewhat, and th& ™ threshold has been greatly reduced.
invoking vector dominance. Together the hyperon couplings hese changes take place to most economically bring about
are limited to the range 0s5x,<0.7 [1] and we takex, charge neutrality in neutron star matter and illustrate how
=0.6. The corresponding value gf, is 0.658.

(2) the binding of theA in nuclear mattefwhich can be
determined quite accurately from an extrapolation of the hy

Ill. RESULTS

/

To illustrate that the behavior of the electrochemical po-
tential is only slightly influenced by the question of whether
the 2~ hyperon experiences a strong repulsion in nuclear
matter, we consider two cases, in one of which all hyperons
are coupled with the same strength as Ahevhose coupling
can be constrained by observation as described above. In the
other case, we consider the extreme case wher& thex-
periences such a strong repulsion that it does not appear at all
in matter to densities exceeding those found in neutron stars.
To illustrate how hyperons arrest the growth of the electro-
chemical potential with increasing density, we compare the
above cases with a model in which only nucleons and lep-
tons appear. In the latter case, the electrochemical potential 0.001 ——t ,
increases monotonically with density, and it is on that behav- 0 0.5 1 15
ior that the case for kaon condensation mainly rests. The Baryon density (fm'3)
results can be compared in Fig. 1.

It is apparent that the hyperons limit the growth of the F|G. 3. Particle populations in neutron star matter containing
electrochemical potential ata density of 2.5—-3 times nUC|eaﬁuc|eons, hyperongabsent theS,~ because of strong repulsipn
density and bring about its monotonic decrease at highegnd leptons.
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powerful the Pauli principle is in arranging fermion popula-
tions of conserved type in dense matter so as to minimize 2
energy at given density. The great reduction of fBe
threshold in the absence of th&~ occurs because it is
charge favored, replacing a neutron and electron at the top of
their Fermi seagalthough both= "~ and~ are isospin un-
favored [4]. The threshold condition for baryds is

1.6

Mn=0sieT Jue@ot OpsPodl st Me— 0o (11)

The sign ofg,gps3 is determined by the net isospin density
of the star, which is dominated by the neutron. The first term
on the left determines whether a given baryon charge state is 0.5
charge favored or unfavored and the third term whether it is
isospin favored or unfavored.

The maximum neutron star mass is only somewhat per-
turbed by uncertainty in th& ~ coupling as can be seen in 1 14' 5 1'5 15' 5 16
Fig. 4. It is seen that hyperons significantly reduce the lim- ’ 3'
iting neutron star mass to a valuel.5M in this theory |Og SC (g/cm )
with coupling constants chosen in accordance with nuclear
and hypernuclear data. The latter data are not nearly as firm FIG. 4. Neutron star sequences corresponding to the three cases
as the former and introduce some uncertainty. A limit ofdefined in Fig. 1(Logarithm is to the base 10.
~1.™ for neutron stars would be compatible with these
uncertainties, but is in our estimation less favored than the ACKNOWLEDGMENTS
first limit mentioned[1]. Either of these limits leaves a very
small mass window for the existence of neutron stars, for the
occurrence of supernovdpowered as they are by the neu-
tron star binding energy and therefore for a universe con-
taining heavy elements and at least one planet with(#ifed
edition of[17]).

0]

This work was supported by the Director, Office of En-

ergy Research, Office of High Energy and Nuclear Physics,
Division of Nuclear Physics, of the U.S. Department of En-

ergy under Contract No. DE-AC03-76SF00098.

[1] N.K. Glendenning and S.A. Moszkowski, Phys. Rev. L6, [12] G.E. Brown, M. Rho, and C. Song, Nucl. Phys690, 184

2414(1997). (2002).
[2] D.J. Millener, C.B. Dover, and A. Gal, Phys. Rev.38, 2700  [13] G.E. Brown(private communication

(1988. [14] C.B. Dover and A. Gal, Ann. Phy$N.Y.) 146, 309 (1983.
[3] M. Rufa, J. Schaffner, J. Marhun, H. 8ter, W. Greiner, and  [15] T. Fukudaet al, Phys. Rev. (58, 1306(1998.

P.-G. Reinhard, Phys. Rev. 42, 2469(1990. [16] P. Khaustowet al, Phys. Rev. 1, 054603(2000.
[4] N.K. Glendenning, Astrophys. 293 470(1985. [17] N.K. Glendenning,Compact Stars1st ed.(Springer-Verlag,
[5] D.B. Kaplan and A. Nelson, Phys. Lett. '3 57 (1986. New York, 1996; 2nd ed.(Springer-Verlag, New York, 2000
[6] R. Knorren, M. Prakash, and P.J. Ellis, Phys. Re%2>3470 [18] N.K. Glendenning, Phys. Letl14B, 392 (1982.

(1995. [19] J. Boguta and A.R. Bodmer, Nucl. Phy292, 413 (1977.

[7] J. Schaffner and I.N. Mishustin, Phys. Rev58 1416(1996.
[8] J. Schaffner, J. Bondorf, and I.N. Mishusten, Heavy lon Phys
4, 293(1996.
[9] S. Balberg and A. Gal, Nucl. PhyA625, 435 (1997). (1991
[10] E. Friedmann, A. Gal, and C.J. Batty, Nucl. Phy&79, 518 )
(1994, [23] M.H. Johnson and E. Teller, Phys. R&8, 783 (1955.

[11] G.E. Brown, C.-H. Lee, and R. Rapp, Nucl. Phy639, 455c |24 H.P. Duerr, Phys. Re03 469 (1956.
(1998, [25] J.D. Walecka, Ann. PhygN.Y.) 83, 491 (1974.

[20] B.D. Serot and H. Uechi, Ann. Phy&\.Y.) 179, 272 (1987).
121] J.I. Kapusta and K.A. Olive, Phys. Rev. Lef, 13 (1990.
[22] J. Ellis, J.I. Kapusta, and K.A. Olive, Nucl. PhyB348 345

025801-4



